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This paper analyzes the effect of mixing on nucleation of protein crystals. Nucleation is an
important aspect of protein crystallization.1 In-depth research has been conducted leading to
insights into the mechanism of crystal nucleation as well as novel methods to control it1,2 (e.g.,
work on nucleation at the liquid–liquid-phase boundary and on levitated droplets), but the effect
of several factors affecting nucleation is not well understood. Mixing is proposed to be
responsible for uncertainties in batch protein crystallization.3 Mixing is also important in the
nucleation of small molecule crystals4 and selectivity of organic reactions,5 but its effect on
nucleation of protein crystals has not been studied experimentally. One barrier to this study is
the difficulty of controlling and monitoring mixing, especially when using manual or robotic
pipets. Crystal nucleation is a stochastic process, and to obtain statistically significant data,
studies of nucleation necessitate a large number of experiments. The amount of the protein and
labor required presents another barrier.
Here we show that a plug-based microfluidic system6 is suitable for observing mixing effects
in crystal nucleation. The system is capable of setting up hundreds of crystallization
experiments in a short period of time,7 requiring little labor and ~1 μL samples of protein
solutions. It relies on nL-volume aqueous plugs in a water-immiscible, fluorinated carrier fluid,
where each plug acts as a microreactor in which a crystallization trial takes place. Mixing by
chaotic advection in the system is well-controlled and characterized.8 Chaotic advection has
been pioneered in single-phase microfluidic devices.9 The use of two-phase flows in plugs is
attractive because it can transport solids,10 such as precipitates that might arise during
crystallization experiments.
Mixing experiments were carried out by combining protein (thaumatin) and precipitant (2 M
KNaC4H4O6) solutions in a PDMS microfluidic channel. The solutions were separated by a
thin stream of buffer to avoid contact6 before forming plugs (Figure 1a). Mixing was changed
by varying the total flow rate (higher flow rate corresponding to more rapid mixing in a winding
channel).8 The flow rate ratios between protein, buffer, and salt solutions were kept constant.
Mixed plugs were collected in a glass capillary,7 which was sealed and incubated at 18 °C.
The number of crystals in each plug was monitored over time.
Nucleation was sensitive to flow rate and mixing. Rapid nucleation took place at low flow
velocities: i) precipitate was visible as the plugs were being mixed, and ii) these plugs yielded
precipitation or showers of microcrystals after incubation for 8 h, indicating many nucleation
events per plug. At high flow velocities, no precipitation was visible, and only a few large
crystals grew after 8 h (Figure 1) of incubation, representing only a few nucleation events in
each plug.
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We rationalize qualitatively the effect of mixing by considering the interface regions
(interfaces) between the protein and salt solutions. Mixing by chaotic advection yields
interfaces where highly concentrated protein and precipitant come in contact and interdiffuse
(Figure 2). Because the precipitant diffuses more rapidly than the protein, at the interface there
will be a region within which the protein concentration is still high, while it has a high
concentration of precipitant. The nucleation rate J [nuclei m−3 s−1] strongly depends11 on
supersaturation S, J ∝ exp[−C/(ln S)2].12
The supersaturation, and therefore nucleation rate at the interfaces, is much higher than it would
be after mixing. Therefore, the total number of nucleation events depends on both the area and
the lifetime of these interfaces. These arguments are well-known and are used as the basis for
free-interface diffusion methods of protein crystallization.1,13
Varying the flow velocity varies the area as well as the lifetime of these interfaces. The
interfaces stretch and fold as plugs travel through the winding channel.8 Stretching and folding
increases the total area of interfaces and accelerates mixing by decreasing the diffusion distance
(Figure 2). Increasing the flow velocity allows the interfaces to evolve faster and increases the
total area of the interfaces that develops before mixing is complete. The lifetime of the
interfaces, however, decreases at high flow velocity due to acceleration of mixing by chaotic
advection.
The mixing effect can be qualitatively estimated from the product of the lifetime and total area
of the interfaces (for simplicity we assume that the thickness of the interfacial region in which
nucleation takes place is constant). We have made three additional approximations. First, only
nucleation happening at the freshly formed interfaces is considered, rather than nucleation
taking place after mixing is complete. This assumption is experimentally reasonable when the
time of incubation before collecting crystal growth data is short (to reduce the importance of
background nucleation from the mixed solutions). Second, every newly generated interface is
fresh for only one cycle of advection, which is arbitrary, but it will cancel out as we are
comparing the ratio of nucleation under different flow velocities. Removing this assumption
gives qualitatively similar results. Third, the Peclet number (Pe) is high — convective transport
dominates diffusive transport (The calculated values: Reynolds number, Re < 6; Pe > 170).
Applying a scaling argument (with all of the necessary assumptions) developed for evaluating
mixing by chaotic advection in plugs,8 the estimated number of nucleation events, N, is N ∝
w7/2(DU)−1/2, where w [m] is the width of the microfluidic channel, D [m2/s] is the diffusion
coefficient, and U [m/s] is the flow velocity (Supporting Information).
We have chosen to change the flow velocity U to investigate the mixing effects, although the
equation predicts a stronger dependence of nucleation on w. Changing w would vary both the
volume and the mixing rate of the plugs. Background nucleation taking place after mixing may
scale with the volume of the plugs as N ∝ w3, which is difficult to differentiate from N ∝
w7/2. Therefore, by changing w it is difficult to decouple mixing effects from background
nucleation. To avoid this problem, the sizes of plugs were kept constant (as described
previously14) within each series of experiments.
The experimental result was in qualitative agreement with the estimate. We performed
experiments under lower supersaturation than in Figure 1, so only a fraction of the plugs yielded
crystals after incubation of 3 h at 18 °C (Figure 3a). The expected weak inverse dependence
of N (measured as the % of plugs with crystals) on the flow rate was observed, but the range
of tested flow rates was too small to eliminate conclusively other possible estimates. Each data
point was obtained by averaging results of ~ 50 plugs. To obtain the average curve shown in
red circles, 5–6 data points were averaged. There is scatter in these experiments because they
were performed in different devices, on different days, with different solutions of the protein.
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Nevertheless, the data from crystallization in ~ 1500 plugs set up for Figure 3a are self-
consistent.
We performed additional experiments in straight, rather than winding, channels. We wished
to test if the observed difference in nucleation was a result of change in mixing, rather than
other effects associated with changing flow velocity. Nucleation could have happened at the
junction of inlets of protein and salt streams (Figure 1a), or could have been affected by higher
shear forces at high flow rates. These effects depend on the flow velocity, rather than mixing,
and should be the same in both winding and straight channels. Plugs traveling through straight
channels are not mixed chaotically, there is no folding, and the area of the interface is smaller.
One would expect less nucleation in straight channels, as was observed experimentally (Figure
3b). We also varied the flow velocity in straight channels (mixing does not significantly depend
on flow velocity in straight channels except during formation of the plugs14). The observed
nucleation was similar at high and low flow rates and was similar to the nucleation obtained
at high flow rates in winding channels (Figure 3b). Nucleation in winding channels at low flow
rates was significantly higher; the curve was characterized by the initial rapid increase in the
number of crystals observed (0–8 h) and then slow further increase (8–50 h). We attribute the
initial rapid increase to nucleation that occurred during mixing, followed by growth of crystals
to a size that we could detect with a stereoscope (~20 μm). The subsequent slow increase in
the number of crystals has a slope similar to that in the other three experiments in Figure 3b,
suggesting that it is due to background nucleation taking place after mixing and during
incubation.
The nucleation rate is affected by the area and the lifetime of the interface between the solutions,
rather than simply by the mixing time (slow chaotic mixing induces nucleation more effectively
than slow mixing in straight channels). This result may be used to control nucleation, using
rapid chaotic mixing to eliminate formation of precipitates at high supersaturation and using
slow chaotic mixing to induce nucleation at lower supersaturation. While we used a model
protein (thaumatin) for the studies, we also observed these mixing effects in the crystallization
of a new ubiquitination protein and obtained fewer and larger crystals at higher flow rates. This
result is also consistent with the effect of mixing on autocatalytic reactions.15 The mixing
effect is more pronounced at high supersaturations (15–40 mg/mL protein concentration);
therefore, batch3 protein crystallization, which starts from high supersaturation, will be more
sensitive to mixing than crystallization by vapor diffusion (no mixing effect was observed for
protein concentrations below 10 mg/mL). To qualitatively understand our experimental results
at an intuitive level, we presented scaling arguments that rely on a number of assumptions.
More detailed analytical or numerical theory, taking into account the effect of the buffer stream
and the actual 3D mixing patterns, would be required to obtain a more quantitative description.
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Figure 1.
(a) A schematic of the microfluidic channel. (b) At low flow velocity precipitation occurred
and microcrystals grew. (c) At high flow velocity no precipitation occurred and large crystals
grew.
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Figure 2.
A simplified schematic of the stretching and folding of interfaces as plugs are being mixed by
chaotic advection in a winding channel.8 See Supporting Information for experimental flow
patterns.
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Figure 3.
(a) The percentage (%) of plugs with crystals depends on the flow velocity. The error bar for
each data point was calculated from ~300 plugs from 5 to 6 different experiments.
Representative data from two experiments were shown as curves A and B. (b) Effects of flow
velocity and channel geometry on nucleation. (•) Slow, winding channel; (▪) slow, straight
channel; (▾) fast, winding channel; (♦) fast, straight channel.
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